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Abstract

Introduction: Damage to a cell and the loss of integrity of its
cell membrane leads to the release of endogenous immuno-
genic molecules, which together are classified as “damage-
associated molecular patterns” (DAMPs). Cell-free DNA (cf-
DNA) released from nucleosomes may serve as a proco-
agulant cofactor and may be an important mediator of
immunomodulatory and proinflammatory effects associat-
ed with blood transfusion. Objectives: To assess the levels of
cf-DNA in supernatants of stored red cell components and
the effect of leukoreduction and gamma irradiation on the
release of cf-DNA during storage. Methods: This is a prospec-
tive cohort study on 99 stored red cell components, random-
ly divided into three groups - buffy coat (BC)-depleted, leu-
ko-filtered (LP), and irradiated (IR) packed red blood cells. Red
cell supernatants were drawn over a period of 21 days at
three different time points (day 0, 7, and 21) from the study
units. cf-DNA extraction was done and quantified by a bench
top fluorometer. Change in cf-DNA content, rate of change
(ng/day), and percent change were estimated and compared

across different groups. Results: cf-DNA content increased
(p = 0.000) with storage duration in the BC (median =
238.66 ug, interquartile range [IQR] = 168.42 on day 21 vs.
median = 9.44 g, IQR = 5.23 on day 0) and IR groups (p =
0.000) (median = 245.55 pg, IQR = 253.88 on day 21 vs. me-
dian = 7.07 pg, IQR = 13.58 on day 0), while there was a de-
creasing trend (p = 0.032) in the LP group (median =4.55 ug,
IQR=10.73 onday 21 vs. median = 8.66 ug, QR =6.56 on day
0). The median rate of change in cf-DNA content (11.13 ug/
day) and percent change in cf-DNA content (median =
4,106.16%) was highest in the IR group. Conclusions: Stored
red cell components contain significant amount of cf-DNA.
Release of cf-DNA is further aggravated by irradiation while
leukoreduction leads to a decrease in cf-DNA content.

© 2020 S. Karger AG, Basel

Introduction

Transfusion of blood components has the potential to
alter the clinical outcome or confound an already com-
plex clinical situation by way of immunomodulation.
There are multiple factors thatlead to the immunomodu-
latory effects associated with blood transfusion and with
the extended storage this ability increases [1].
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Damage-associated molecular patterns (DAMPs) have
been identified [2, 3] as endogenous immunogenic mol-
ecules which are released due to damage to a cell and the
loss of integrity of its cell membrane. DAMPs act through
the same pattern recognition receptors [4, 5] which are
involved in immune response mediated by pathogen-as-
sociated molecular patterns (PAMPs). The response gen-
erated by both DAMPs and PAMPs is therefore very sim-
ilar at the molecular level. Involvement of DAMPs has
been shown in a large number of life-threatening sterile
inflammatory conditions, including acute kidney injury,
lupus nephritis, and progression of chronic kidney dis-
ease in diabetic and nondiabetic glomerulonephritis [6,
7], and release of DAMPs also contributes to tumor
growth by mediating skewing of antitumor immunity
during so-called immunogenic tumor cell death [8].

Cell-free DNA (cf-DNA), one of the DAMPs, has been
identified as an important constituent of neutrophil ex-
tracellular traps (NETs), involved in host defense against
infection [9]. Patients with various pathologic states in-
cluding thrombosis, cancer, sepsis, and trauma have been
shown to contain increased levels of cf-DNA [10, 11]. In
vivo sources of cf-DNA include damaged neutrophils
[12-14], macrophages [15], eosinophils [16], tumor cells
[17], and several bacterial agents [18, 19]. In vivo, cf-DNA
is involved in a newly described form of cell death known
as NETosis [20].

cf-DNA has also been shown to induce in vivo coagu-
lation by serving as a natural foreign surface [21]. Poly-
anionic molecules (DNA, RNA) activate proteases of the
contact pathway of blood coagulation such as factor XII
and XI [21, 22]. Similarly, cf-DNA also triggers blood co-
agulation via the contact pathway [23, 24]. Thus, c-DNA
is capable of triggering inflammatory responses and acti-
vating coagulation, and has a potential role in the patho-
genesis of sepsis [25, 26].

We hypothesize that stress and sheer force applied on
cellular blood components during processing and storage
may induce cellular damage and release DAMPs which
gradually accumulate in the supernatant of these compo-
nents. These DAMPs may lead to immunomodulatory
and inflammatory response in transfusion recipients. The
presence of DAMPs has recently been related to various
adverse effects of blood transfusion including TRALI
[27-30] and nonhemolytic transfusion reactions follow-
ing platelet transfusion. HMGB1 and sRAGE, two of the
important DAMPs [28], have not been found to have a
role in the development of TRALI in cardiac surgery pa-
tients. cf-DNA has the potential to lead to such an adverse
outcome.

In this study we have quantified cf-DNA in superna-
tants of stored red cell components and assessed the effect
of leukoreduction and gamma irradiation on the release
of cf-DNA during storage.
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Materials and Methods

This was a prospective randomized study on stored red cell
components at a tertiary care center in North India performed
over a period between January 2017 and October 2018 after due
approval from the institute’s ethics committee.

A total of 450 mL of whole blood collected from nonremuner-
ated voluntary blood donors was processed for the preparation of
red cell component by buffy coat (BC) method in the top and bot-
tom quadruple blood bag system with saline-adenine-glucose-
mannitol (SAGM) as red cell additive solution (Cat no PB-4BO-
456]J0B; Terumo Penpol, Kerala, India). Female donors and donors
with a history of any immune disorders or intake of immunomod-
ulatory drugs during the last year, abnormal total leukocyte count
or differential leukocyte count, thrombocytopenia (platelet count
<1.5 x 10%/L), reactive during screening for transfusion-transmit-
ted infections, and whole blood collection time >12 min were ex-
cluded from the study.

Preparation of components was done within a time period of
2 h. Briefly, the blood bags were first given a hard spin (3,800 rpm x
9 min, 22 °C) using a refrigerated centrifuge (Cryofuge 6000i, He-
raeus; Thermo Scientific, USA), after which plasma and packed red
blood cells (PRBC) were separated using TACE-II (Terumo Auto-
matic Component Extractor — II; Terumo Penpol). At this point,
100 mL of SAGM solution was added to prepare the BC-depleted
PRBC (BC-PRBC). The residual BC was used for the preparation
of platelet concentrate after hanging for a period of at least 1.5 h.

Study Groups

A total of 120 units were randomly assigned into one of the
three study groups using computer-generated random sequence
(www.random.org). However, 21 units were later excluded due ei-
ther to low platelet count (n = 19) or a reactive transfusion-trans-
mitted infection screen (n = 2). Thus, a total of 99 units were in-
cluded in analysis.

Study group 1 (control group) comprised 33 BC-PRBC pre-
pared as described above. Study group 2 (leuko-filtered group, LP-
PRBC) comprised 32 BC-PRBC leuko-filtered within 1 h of com-
ponent preparation using Imugard III-RC 4P (Terumo Corpora-
tion, Tokyo, Japan). Under all aseptic conditions, the BC-PRBC
bag was attached to the leukofilter using a sterile connecting device
(TSCD-II, Terumo Sterile Tubing Welder; Terumo Penpol) which
was then attached to a transfer bag. The combination was hung for
about 30 min at room temperature to allow the contents of the
PRBC unit to pass through the leukofilter and accumulate in the
transfer bag. LP-PRBC were separated from the combination using
a di-electric tube sealer.

Study group 3 (irradiated group, IR-PRBC) comprised 34 BC-
PRBC subjected to 25 Gy of irradiation within 1 h of preparation
using a self-contained gamma irradiator (Gammacell 1000-Elite;
Nordion International Inc.).

All the study units were stored for a period of 21 days under
standard storage conditions considering the total allowable storage
of IR-PRBC units of 28 days after irradiation. After completion of
sampling from the study units all the units were included in the
inventory for transfusion.

Sampling Protocol

Samples from red cell supernatant were withdrawn on the day
of preparation (day 0), day 7, and day 21 from individual units with
the help of a Luer adapter and sample diversion pouch (Terumo
Penpol) to maintain strict aseptic conditions. The PRBC bag was
given a soft spin (1,050 rpm x 9 min, 4 °C) (Cryofuge 6000i He-
raeus; ThermoFisher Scientific, USA) after attaching the sampling
assembly using TSCD - II (Terumo Penpol). One mL of superna-
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Table 1. Median values of various hematological parameters of study units

Parameter BC-PRBC (n=33) LP-PRBC(n=32) IR-PRBC(n=34) pvalue

Volume, mL M 272.00 235.00 267.00 0.000*
R 46 31 16.70 0.000"
IQR 17 13 2.95 0.055%
1Q-3Q 265.00-281.50 230.00-242.75 265.00-273.50

Supernatant volume, mL M 107.68 94.46 105.95 0.000*
R 40.50 30.85 16.28 0.0007
IQR 12.45 9.05 12.30 0.236%
1Q-3Q 102.95-115.40 99.88-108.93 129.20-141.49

RBC content, x10'2 M 1.80 1.54 1.77 0.000*
R 0.81 0.77 1.09 0.000"
IQR 0.34 0.26 0.27 0.448*
1Q-3Q 1.63-1.97 1.38-1.64 1.61-1.88

Platelet content, x10° M 2.11 2.24 1.87 0.78*
R 4.67 5.12 4.45 0.024"
IQR 1.27 0.90 0.79 0.053*
1Q-3Q 1.75-3.01 1.85-2.75 1.35-2.14

WBC content, x10° M 812.20 0.07 712.90 0.000*
R 1,989.60 0.08 2,507.70 0.000"
IQR 588.00 0.04 609.93 0.527%
1Q-3Q 506.70-1,094.70 0.05-0.09 339.95-949.88

Hemoglobin content,g M 51.87 44.06 51.38 0.000*
R 22.22 10.26 14.23 0.000"
IQR 5.70 443 3.88 0.603*
1Q-3Q 49.47-55.17 42.46-46.89 49.57-53.45

Hematocrit, % M 60.00 60.80 60.50 0.783*
R 22.20 14.70 16.70 0.216"
IQR 4.50 3.55 2.95 0.295%
1Q-3Q 57.95-62.45 58.00-61.55 59.33-62.28

M, median; R, range; IQR, interquartile range; 1Q-3Q, 25th-75th percentile values. * p value between BC-
PRBC and LP-PRBC groups; * p value between LP-PRBC and IR-PRBC groups; * p value between BC-PRBC and
IR-PRBC groups. Significant p values are highlighted in bold (Mann-Whitney U test).

tant was withdrawn from each bag on each of the designated sam-
pling days under closed sterile conditions in a plain vacutainer
through the Luer adapter. The collected red cell supernatant was
given hard spin (3,000 rpm x 5 min, 4 °C) using a benchtop cen-
trifuge (Heraeus Megafuge 8; ThermoFisher Scientific) to remove
any remaining cells from the collected red cell supernatant. The
clear cell-free supernatant was collected and stored at or below
-40°C until further analysis.

Baseline Investigations on Study Units

A 1-mL representative sample from individual red cell units
was withdrawn under strict aseptic conditions after thorough
stripping immediately after preparation in the BC-PRBC group
and immediately after leuko-filtration or irradiation in the other
two groups. White blood cell (WBC) count, platelet count, red cell
count, hemoglobin content, and hematocrit content of each sam-
ple was performed using an automated cell counter (M16/M20,
Medonic; Boule Diagnostics AB, Sweden). WBC count in the LP-
PRBC group was manually done using a Nageotte hemocytometer
with a large-size cover slip (24 x 24 x 0.4 mm). Briefly, 100 pL of
the test sample was added to 40 L of the lysing agent (Zapoglobin;
Coulter Electronics, Hialeah, FL) in a labeled test tube. The mix-

Cell-Free DNA Content in Stored Red
Cell Components

ture was rinsed thoroughly to lyse all red cells, and 360 pL of the
Turk’s solution (prepared by adding 1 mL of 1% gentian violet and
3 mL of glacial acetic acid diluted to 100 mL with distilled water)
was then added to the test tube. The counting chamber was care-
fully loaded with the diluted sample and the loaded chamber was
placed in a moist petri dish for 15 min to allow the leukocytes to
settle. The WBCs were counted using a 20x objective lens of a com-
pound microscope within 30 min across 40 rectangular area grids
of the counting chamber grid. The leukocyte count was then esti-
mated using the formula:

Leukocyte count (per uL) = number of cells counted/10

Estimation of c-DNA

cf-DNA extraction from the stored red cell supernatants was
carried out using the QIAamp DNA Blood Mini Kit (Qiagen, Ger-
many) as per the manufacturer’s instructions [31]. Concentration
of cf-DNA was measured by fluorometry (Qubit-2.0; Life Tech-
nologies, ThermoFisher Scientific) for measurement of cf-DNA,
using the Qubit dsDNA HS Assay Kit.

Transfus Med Hemother 2020;47:409-419 411
DOI: 10.1159/000505937



Study Group

BC PREC L-PREC Ir-PREC

2
3

cf-DNA content of study unit (ug)
8 5
g g

Day of Storage

Fig. 1. Median values of cf-DNA content on different days of stor-
age. * Shows p value between day 0 and day 7, " shows p value be-
tween day 7 and day 21, * shows p value between day 0 and day 21.
p values (Wilcoxon signed-rank test): BC-PRBC group (day 0 vs.
day 7, p =0.00; day 7 vs. day 21, p = 0.00; day 0 vs. day 21, p = 0.00),
LP-PRBC group (day 0 vs. day 7, p = 0.032; day 7 vs. day 21, p =
0.957; day 0 vs. day 21, p = 0.820), IR-PRBC group (day 0 vs. day
7, p = 0.00; day 7 vs. day 21, p = 0.00, day 0 vs. day 21, p = 0.00).

Statistical Analysis

Data of individual variables/parameters was checked for nor-
mality of distribution using the Shapiro-Wilk test. Of all the vari-
ables, only donor hematocrit and RBC content of the study units
were found to have normal distribution. Hence, the median was
used as a measure of central tendency, and percentile values (25th
and 75th; 1Q-3Q), range (R), and interquartile range (IQR) were
used as a measure of variability. Nonparametric tests (Kruskal-

Wallis H test, Mann-Whitney U test, Spearman’s rank correlation)

were used for data analysis using SPSS statistics software (version

20.0; IBM Corp., New York, NY, USA). A p value of <0.05 was

considered significant. Linear regression analysis was performed

to assess significant contributing factors determining cf-DNA lev-
els.

For the purpose of analysis, various calculations were done as
per the following equations:

1. WBC content (total number of WBCs in 1 study unit) = WBC
count (per pL) x volume of PRBC (mL) x 10°

2. Platelet content (total number of platelets in 1 study unit) =
platelet count (per pL) x volume of PRBC (mL) x 10°

3. Red cell content (total number of red cells in 1 study unit) =
RBC count (per pL) x volume of PRBC (mL) x 10°

4. Hemoglobin content (total hemoglobin in 1 study unit, in
grams) = hemoglobin concentration (g/dL) x volume of PRBC
(mL)/100

5. Volume of red cell supernatant (mL) of individual study unit =
([100 — hematocrit]/100) x volume of PRBC (mL)

6. cf-DNA content (ug) (total cf-DNA in 1 study unit) = volume
of red cell supernatant (mL) x cf-DNA concentration (ng/uL)
Trends in cf-DNA content over the storage period: change in

cf-DNA on day 7 and day 21 from baseline levels (day 0) was esti-

mated for individual units as follows:

1. Change in cf-DNA content (A cf-DNA) (ug) = content on day
X - content on day Y
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2. Rate of change in cf-DNA content (A/t cf-DNA) (ug/day) = A
cf-DNA/X -Y

3. Percent change in cf-DNA content (pA cf-DNA): (A cf-DNA x
100)/ctf-DNA content on day Y
(where X is the later day of sampling and Y the earlier day of

sampling).

Results

The characteristics of the units included in the study
are shown in Table 1. Volume of PRBC, volume of super-
natant, RBC content, WBC content, and hemoglobin
content were found to be significantly lower in the LP-
PRBC group compared to either the BC-PRBC or IR-
PRBC groups. Platelet content, however, was slightly
higher in the LP-PRBC group compared to the IR-PRBC
group (2.24 x 10% vs. 2.14 x 10°, p = 0.024). Median plate-
let content in the BC-PRBC group was lower than that in
the LP-PRBC group; however, the difference was not sta-
tistically significant.

cf-DNA Content over the Study Period

cf-DNA content of individual units on different days
of sampling across different study groups was used for
analysis instead of cf-DNA concentration (Fig. 1). In the
BC-PRBC group, there was a gradual and statistically sig-
nificant (p = 0.000, Kruskal-Wallis H test) increase in cf-
DNA content (ug) ([median 9.44, R = 28.74, IQR = 8.19,
1Q-3Q = 5.23-13.42 on day 0], [median = 19.57, R =
37.35,IQR =10.16, 1Q-3Q = 13.22-23.38 on day 7], and
[median = 238.66, R = 1,428.41, IQR = 168.42, 1Q-3Q =
168.66-337.07 on day 21]) over the study period. In the
LP-PRBC group, however, there was a gradual decrease
(p =0.032, Kruskal-Wallis H test) in cf-DNA content (ug)
([median = 8.66, R = 18.06, IQR = 6.56, 1Q-3Q = 5.26-
11.82 on day 0], [median = 6.62, R = 24.04, IQR = 5.87,
1Q-3Q = 4.04-9.91 on day 7], and [median = 4.55, R =
1,109.31, IQR = 10.73, 1Q-3Q = 3.52-14.24 on day 21])
over the study period. The decrease from day 7 to day 21,
however, was not statistically significant (p = 0.957, Wil-
coxon signed-rank test). In the IR-PRBC group, as in the
BC-PRBC group, there was a gradual and statistically sig-
nificant (p = 0.000) increase in cf-DNA content (pug)
([median = 7.07, R = 40.37, IQR = 13.58, 1Q-3Q = 4.08—
17.66 on day 0], [median = 19.05, R = 44.89, IQR = 18.16,
1Q-3Q =12.84 - 30.99 on day 7], and [median = 245.55,
R = 764.56, IQR = 253.88, 1Q-3Q = 140.7 0-394.58 on
day 21]) over the study period. The baseline (day 0) cf-
DNA content was comparable across all three groups
(p = 0.638, Kruskal-Wallis H test).

Trends in cf-DNA Content over the Study Period
Median A cf-DNA over the entire storage period (day
0vs. day 21) in the IR-PRBC group (233.73 ug) was com-
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Table 2. Change in cf-DNA content of study units with storage

Storage period (days) Change in cf-DNA
change in content, rate of change, percent change,
Hg pg/day %

BC-PRBC
Initial period (0-7) M 9.08 1.30 76.19
(n=31) R 45.44 6.49 1,333.26

IQR 11.56 1.65 176.43

1Q-3Q 3.04 to 14.60 0.43 to 2.09 30.39 to 206.82
Later period (7-21) M 217.67* (0.000) 15.55* (0.000) 1,175.59* (0.000)
(n=33) R 1,418.73 101.34 7,841.49

IQR 159.17 11.37 1,103.32

1Q-3Q 166.06 to 335.46 11.10 to 22.47 669.23 to 1,772.55
Total period (0-21) M 220.527 (0.000) 10.50" (0.000) 2,815.66" (0.000)
(n=131) R 1,420.22 67.63 20,638.26

IQR 167.41 8.07 4,706.94

1Q-3Q 155.44 to 314.60 7.91 to 15.97 1,408.33 to 6,115.28
LP-PRBC
Initial period (0-7) M -1.92 -0.27 -16.89
(n=128) R 22.72 3.25 377.83

IQR 2.88 0.41 36.03

1Q-3Q -2.92 to -0.04 -0.42 to -0.005 -37.04 to -1.07
Later period (7-21) M -0.25 -0.02 -3.25
(n=29) R 1,117.13 79.80 43,310

IQR 3.20 0.23 68.11

1Q-3Q -1.35t0 1.85 -0.10t0 0.13 -24.59 to 43.53
Total period (0-21) M -0.50 -0.02 -4.31
(n=128) R 1,113.89 53.04 2,056.28

IQR 6.31 0.36 94.42

1Q-3Q -3.27 t0 3.05 -0.16 to 0.15 —-48.52 t0 45.90
IR-PRBC
Initial period (0-7) M 9.20 1.31 131.21
(n=34) R 52.15 7.45 1,747.75

IQR 11.30 1.61 322.69

1Q-3Q 5.17 to 16.46 0.74 to 2.35 42.68 to 365.38
Later period (7-21) M 225.49* (0.000) 16.11* (0.000) 1,086.34* (0.000)
(n=34) R 768.43 54.89 6,322.03

IQR 242.55 17.33 1,173.06

1Q-3Q 129.73 to 372.28 9.27 to 26.59 650.29 to 1,823.34
Total period (0-21) M 233.72% (0.000) 11.13%(0.000) 4,106.16% (0.000)
(n=34) R 776.74 36.99 19,512.64

IQR 250.06 11.91 5,199.13

1Q-3Q 134.29 to 384.35 6.39 to 18.30 1,235.19 to 6,434.32

M, median; R, range; IQR, interquartile range; 1Q-3Q, 25th-75th percentile values. Intragroup comparison:
* shows significant difference between initial and later storage periods (day 0-7 vs. day 7-21) within one study
group. Change in cf-DNA content, rate of change, and percent change were significantly higher (Wilcoxon
signed-rank test) in the BC-PRBC and IR-PRBC groups during the later period (day 7-21) of storage compared
to the initial period (day 0-7). There was no statistically significant difference in the LP-PRBC group for all three
parameters during the later period compared to the initial period of storage. Intergroup comparison: p values
were assessed across various groups for changes in cf-DNA over the total storage duration (day 0-21) only
(Mann-Whitney U Test): T shows significant difference between BC-PRBC and LP-PRBC groups; * shows sig-
nificant difference between LP-PRBC and IR-PRBC groups. There was no statistically significant difference be-
tween the BC-PRBC and IR-PRBC groups for change in content (p = 1.000), rate of change (p = 0.670), or percent
change (p = 0.743). Values in parentheses beside the symbols indicating significant differences indicate the re-

spective p values.

Cell-Free DNA Content in Stored Red
Cell Components
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parable to that in the BC-PRBC group (220.5 pg) but sig-
nificantly higher (p = 0.000, Mann-Whitney U test) than
that in the LP-PRBC group (-0.50 ug) (Table 2; Fig. 2). A
cf-DNA was significantly lower during the initial storage
period (day 0-day 7) compared to the later phase (day
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7-day 21) in both the BC-PRBC (p = 0.000) and IR-PRBC
(p = 0.000) groups, while there was a gradual decrease in
cf-DNA content reflected by negative A cf-DNA in the
LP-PRBC group. This decrease was more during the ini-
tial phase of storage (day 0-day 7) compared to the later
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Table 3. Predictors of percent change in cf-DNA content over the study period (n = 93)

Parameter Correlation Linear regression analysis

coefficient (r) p value r B p value
PRBC volume 0.446 0.000* NS
Supernatant volume 0.223 0.002* NS
RBC content 0.321 0.000* 0.092 0.221 0.000*
Platelet content -0.374 0.001* 0.160 -0.248 0.000*
WBC content 0.498 0.000* 0.182 0.165 0.000*
Hemoglobin content 0.403 0.000* NS
Hematocrit unit 0.104 0.159 NS

NS, not significant. Correlation coefficient and p value according to Spearman’s rank correlation. * Statisti-

cally significant.

phase, the difference in A cf-DNA during both periods in
the LP-PRBC group, however, was not statistically sig-
nificant. A/t cf-DNA and pA cf-DNA followed the trends
as shown by A cf-DNA. It was interesting to note that
even small differences in A cf-DNA seemed to be much
more significant when assessed by pA cf-DNA estima-
tion.

Regarding variables affecting cf-DNA content, no cor-
relation was observed between cf-DNA content on day 0
across all study groups with any of the hematological vari-
ables included in the study. However, all the hematologi-
cal variables except the hematocrit unit were significantly
correlated with pA cf-DNA (Table 3).

Regression analysis of significantly correlated hemato-
logical parameters revealed that pA cf-DNA was depen-
dent on three hematological parameters: RBC content
(r*=0.092, = 0.22, p = 0.000), WBC content (r* = 0.182,
B = 0.165, p = 0.000), and platelet content (r* = 0.160,
B =-0.248, p = 0.000).

Quantification of cf-DNA could not be done on 9 sam-
ples from a total of 7 study units; 5 of these units belonged
to the LP-PRBC group and 2 belonged to the BC-PRBC
group. On 5 occasions the sample belonged to day 0, on
3 occasions the sample belonged to day 7, and on 1 occa-
sion it belonged to day 21.

Discussion

In this study we were able to demonstrate the presence
of cf-DNA in the supernatant of stored red cell compo-
nents which gradually increased over the storage period
(day 0-day 21) except for the LP-PRBC group. For the
purpose of statistical analysis of this study we concen-
trated on unit characteristics and the total content of rel-
evant variables per unit. The reason behind such an ap-
proach was to avoid bias in cf-DNA concentration due to
the hematocrit variable of the individual units. Correla-
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tion of study variables with cf-DNA concentration could
have given false results as 2 units with the same cf-DNA
concentration may have different cf-DNA content de-
pending upon hematocrit or red cell supernatant volume.
Itis also noteworthy that only by calculating the total con-
tent per unit one can establish the total dose that is being
administered to the transfused patient.

In our study we have excluded units collected from
female donors to avoid confounding variables as far as
possible. Moreover, at our center, we collect 350 mL of
blood from female donors irrespective of the weight of
the donor, unlike male donors where 450 mL of blood is
collected if the donor weighs more than 55 kg. Inclusion
of units from female donors would therefore have cre-
ated a heterogeneous group leading to erroneous results.
Gender, however, is a biological variable that affects the
functions of the immune system with differences in both
innate and adaptive immune responses. Sex chromo-
some genes and sex hormones as well as environmental
factors (like nutrition status and the composition of the
microbiome) alter the development and functioning of
the immune system differently in males and females [32].
The gender differences in transfusion recipients is high-
lighted in a study by Caram-Deelder et al. [33], who re-
ported that among patients who received RBC transfu-
sions, receipt of a transfusion from an ever-pregnant fe-
male donor, compared with a male donor, was associated
with increased all-cause mortality among male recipients
but not among female recipients. The authors have at-
tributed this difference to possible sex differences in im-
munologic mechanisms. Kanias et al. [34] in their study
correlating gender with the propensity of RBCs to hemo-
lyze, have reported that RBCs collected from women
were more resilient to mechanical and osmotic stresses.
In view of the above, exclusion of female donors may
have implications on the generalizability of our study re-
sults and further research including female donors needs
to be done.
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All the unit hematological parameters were signifi-
cantly lower in the LP-PRBC group compared to the oth-
er groups due to loss incurred during leuko-filtration. In
an earlier study from our center [35], we have reported a
PRBC volume loss of approximately 50 mL after leuko-
reduction. Lesser volume reduction (37 mL in LP-PRBC
vs. BC-PRBC group) observed in the present study may
be attributed to a smaller length of tubing due to use of a
sterile connecting device and improvement in the quality
of the leukofilter used.

The decreased amount of cf-DNA in the LP-PRBC
group may be related to the reduction of WBC by filtra-
tion. Fuchs et al. [36] have reported a similar finding in
their study on leuko-reduced RBC units.

Out of the total 99 study units, c-DNA could not be
quantified in 7 units. The low level of cf-DNA in these
samples may partially be attributed to low WBC content
as 5 such samples belonged to the LP-PRBC group. Apart
from the difference in WBC content of the study units, we
did not find any difference in donor characteristics (age,
BMLI, frequency of donation) or other unit characteristics
(hematocrit, hemoglobin content, platelet content, vol-
ume of PRBC unit, volume of red cell supernatant) in
these units compared to other units where cf-DNA could
be quantified (data not shown). Factors affecting the
quality during the component preparation process or
during storage of red cell components need to be studied
in order to delineate the possible causes leading to too
low levels in these assay tubes.

Jaax et al. [37] have reported that normal healthy indi-
viduals have extracellular nucleic acid concentrations in
plasma ranging from 0 to >1 ng/pL. Accordingly, 450 mL
of whole blood unit (assuming a hematocrit of 45%) will
have about 247.5 mL of plasma and a cf-DNA content
between 0 and >247.5 pg. During the process of compo-
nent preparation, plasma is separated from the PRBC and
only alimited amount of cf-DNA will remain in the PRBC
unit. During component preparation itself, we believe
that a certain amount of cf-DNA will be released from the
cellular constituents due to the sheer and stress of cen-
trifugation. The cf-DNA content on day 0 will therefore
include the residual cf-DNA of donor origin and cf-DNA
released during component preparation. cf-DNA re-
leased during storage will be over and above this level.
This also explains the lack of correlation of various hema-
tological parameter units with cf-DNA content on day 0
of storage as observed in our study. Estimation of c-DNA
level in plasma-containing components is therefore im-
portant to ascertain the amount of cf-DNA actually re-
leased during storage. Waldvogel Abramowski et al. [38]
in their study on PRBC units at different times of storage
showed an average double-stranded DNA concentration
of 290 + 120 ng/mL (0.29 + 0.12 ng/pL). They found no
correlation between the time of storage and the normal-
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ized amount of cf-DNA in PRBC units. The increase in
cf-DNA content in the BC-PRBC and IR-PRBC groups in
our study may be attributed to the release of cf-DNA from
WBC during storage. Fuchs et al. [36] analyzed superna-
tants and blood smears of human RBC units that were
either leuko-reduced or not leuko-reduced before storage
for markers of NETSs. They identified extracellular DNA,
which was associated with histones and myeloperoxidase,
a marker of neutrophil granules, in supernatants and
blood smears of non-leuko-reduced RBC units. These
markers of NETs were absent in leuko-reduced RBC
units. They also concluded that NETs are liberated during
storage of non-leuko-reduced RBC units.

The finding of our study in terms of the increasing
trends in these two groups is in contrast to those observed
by Shih et al. [39].They observed that fresh PRBC units
overall had a significantly higher concentration of cf-
DNA compared to older PRBC units using spectropho-
tometry (3.77 £ 1.66 pug/mL vs. 3.02 + 1.44 ug/mL, p =
0.0031) and (3.77 + 1.66 ng/uL vs. 3.02 + 1.44 ng/uL), re-
spectively. They observed no significant difference when
comparing cf-DNA quantified by PicoGreen in fresh
compared to older units. The difference in the results of
the current study may be attributed to a difference in the
methods used for quantification of cf-DNA as the usable
concentration range for spectrophotometer is 0.4-15,000
ng/uL [40] and inaccurate estimation may be encoun-
tered in samples having a low concentration (<10 ng/uL)
of nucleic acid [41].

Many of the recent studies have focused on mitochon-
dria DNA rather than total cf-DNA as mitochondrial
DNA (mtDNA) is thought to be more immunogenic with
higher procoagulant potential. Mitochondria contain ap-
proximately 1% of total cellular DNA content while the
remaining 99% is packed in the form of nuclear DNA.
Bakkour et al. [42] have assessed the levels of mtDNA and
extracellular vesicles in the supernatant of stored red cell
components prepared by nine different manufacturing
methods (including two semi-automated buffy coat
methods, two semi-automated whole blood filtration
methods, two manual whole blood processing methods,
and three automated apheresis methods). Bakkour et al.
[42] have quantified mtDNA in copies/pL by the rt-PCR
method (one copy of mtDNA corresponds to 1.8 x 107
ng). Our results for the BC-PRBC group (median cf-DNA
concentration 0.191 ng/uL on day 7) are comparable to
their results for the non-leuko-reduced group (estimated
mean mtDNA concentration 0.0095 ng/uL on day 5).
Similar to our findings, the authors reported a gradual
increase in mtDNA concentration during the initial phase
of red cell storage.

In another study conducted by Cognasse et al. [43], in
a series of reported adverse effects after platelet concen-
trate transfusion, the authors found that mtDNA was sig-
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nificantly (p < 0.05) elevated in single donor apheresis
platelet concentrates, which produced adverse effects in
the recipients, than in the matched control platelet counts
(platelet concentrates). The levels of mtDNA were elevat-
ed onday4 (122.55 £ 52.64 ng/L) compared with days 1-3
in the control, nonpathogenic platelet concentrates. A
similar profile was observed in platelet counts that were
associated with adverse effects, but the peak mtDNA was
on day 3 (484 + 313.45 ng/L) and not day 4 (233.95 +
109.75 ng/L).

On comparing the three groups in terms of the total
amount of cf-DNA present on day 21, we can see that the
LP-PRBC group had the least amount of cf-DNA at the
end of the study duration with a median of 5.55 pg, where-
as the IR-PRBC group had the highest amount of cf-DNA
at the end of the study duration with a median of 245.55
ug. The BC-PRBC group had a median of 238.66 ug.
These findings suggest that WBCs are the main source of
cf-DNA in red cell supernatant during storage. The high-
er amount of cf-DNA observed in the IR-PRBC group
may be due to the cell damage caused by radiation and
consequently greater release from the cells. It is therefore
reasonable to conclude that pre-storage leuko-filtration
of the unit provides the patient with the added benefit of
lower cf-DNA levels in the transfused component.

We observed that with duration, not only was the
amount of cf-DNA in the BC-PRBC and IR-PRBC groups
rising, but also, as the storage period was prolonged, the
rate at which cf-DNA was released also increased in an
exponential manner. The rate of change between day 0
and day 7 was 1.30 pg/day for the BC-PRBC group and
1.31 pg/day for the IR-PRBC group, whereas between day
7 and day 21 the rate of change was 15.55 pg/day for the
BC-PRBC group and 16.11 pg/day for the IR-PRBC
group. This may be due to more and more cells under-
going storage-related degenerative changes and necrosis
and hence both an increased amount and rate of release
with duration of storage.

Both the RBC and WBC content of the unit were found
to have a positive correlation with percent change in cf-
DNA content. Positive correlation with red cell content is
difficult to explain as red cells themselves do not contain
DNA. However, we hypothesize that red cells might have
an inhibitory effect on enzymes responsible for the break-
down of DNA, thereby increasing the levels of cf-DNA.
Another possible mechanism may be the release of more
bioactive inflammatory mediators from the increased
number of red cells in individual units, leading to acceler-
ated damage of WBC during storage.

The negative correlation of platelet content with per-
cent change in cf-DNA content may be related to the ex-
pression of platelet hyaluronidase-2 (HYAL2) enzyme on
the surface of the activated platelets. Storage of PRBC at
4°C may increase the activation of platelets as demon-
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strated by Kattlove et al. [44]. Recently, Albeiroti et al.
[45] have demonstrated that platelet HYAL2, stored in
a-granules, becomes surface expressed upon activation
and functions to degrade extracellular matrix and may
also be involved in the sequestration of bacterial DNA.
This same effect of sequestration of cf-DNA on the plate-
let surface may decrease the amount of cf-DNA in the red
cell supernatant.

Leukocyte reduction by means of filtration can be per-
formed at three different time points — before storage,
after storage but before issue from the blood bank, and at
the bedside. Pre-storage leuko-filtration provides an ad-
vantage over bedside leuko-filtration as it is more effec-
tive in preventing febrile nonhemolytic transfusion reac-
tions and HLA allo-immunization due to the fact that it
does not allow accumulation of cytokines released from
leukocytes during storage [46, 47]. It also prevents solu-
bilization of HLA antigens from leukocyte membranes
during storage which may then pass through the leukofil-
ter and immunize the recipient [48, 49]. Furthermore, the
release of enzymes by leukocytes during storage may be
detrimental to red cell metabolism and viability [50, 51].
In addition, pre-storage leuko-filtration also permits
quality control checks and leads to more uniform results
[52]. Our findings also support the need for leukocyte re-
duction/depletion as part of the production of PRBC in-
stead of filtration at bedside.

The clinical correlation of potential adverse events due
to the immunomodulatory and procoagulant activity of
cf-DNA in transfused components requires follow-up of
blood components (with known cf-DNA content) of
transfusion recipients for the occurrence of any adverse
outcome in terms of transfusion reactions, in-hospital
mortality rates, and length of hospital stay. Another way
may be analysis of cf-DNA in blood products associated
with adverse effects such as TRALI or nonhemolytic
transfusion reactions.

Conclusions

cf-DNA is released in the supernatant of stored red cell
components which gradually increases over the storage
period (day 0-day 21), except in the LP-PRBC group.
WBCs seem to be the main source of cf-DNA during stor-
age. The rate of release of cf-DNA was exponentially re-
lated to the storage duration of the red cell unit.
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